Immunosuppression preserves renal autoregulatory function and microvascular P2X1 receptor reactivity in ANG II-hypertensive rats. Am J Physiol Renal Physiol 304: F801-F807, 2013. First published December 26, 2012 doi:10.1152/ajprenal.00286.2012.-Autoregulation is critical for protecting the kidney against arterial pressure elevation and is compromised in some forms of hypertension. Evidence indicates that activated lymphocytes contribute importantly to cardiovascular injury in hypertension. We hypothesized that activated lymphocytes contribute to renal vascular dysfunction by impairing autoregulation and P2X1 receptor signaling in ANG II-infused hypertensive rats. Male Sprague-Dawley rats receiving ANG II infusion were treated with a lymphocyte proliferation inhibitor, mycophenolate mofetil (MMF) for 2 wk. Autoregulation was assessed in vitro and in vivo using the blood-perfused juxtamedullary nephron preparation and anesthetized rats, respectively. ANG II-treated rats exhibited impaired autoregulation. At the single vessel level, pressure-mediated afferent arteriolar vasoconstriction was significantly blunted (P Ͻ 0.05 vs. control rats). At the whole kidney level, renal blood flow passively decreased as renal perfusion pressure was reduced. MMF treatment did not alter the ANG II-induced hypertensive state; however, MMF did preserve autoregulation. The autoregulatory profiles in both in vitro or in vivo settings were similar to the responses from control rats despite persistent hypertension. Autoregulatory responses are linked to P2X1 receptor activation. Accordingly, afferent arteriolar responses to ATP and the P2X1 receptor agonist ␤,␥-methylene ATP were assessed. ATP-or ␤,␥-methylene ATP-induced vasoconstriction was significantly attenuated in ANG II-infused hypertensive rats but was normalized by MMF treatment. Moreover, MMF prevented elevation of plasma transforming growth factor-␤1 concentration and lymphocyte and macrophage infiltration in ANG II-infused kidneys. These results suggest that anti-inflammatory treatment with MMF prevents lymphocyte infiltration and preserves autoregulation in ANG II-infused hypertensive rats, likely by normalizing P2X 1 receptor activation. autoregulation; inflammation; renal blood flow; mycophenolate mofetil; lymphocytes; afferent arteriole EFFICIENT RENAL AUTOREGULATORY function is critical for controlling renal perfusion and for maintaining stable glomerular capillary pressure in the face of arterial pressure (AP) fluctuations. Renal autoregulation is accomplished by precise adjustments of preglomerular resistance. A decline in afferent arteriolar autoregulatory efficiency renders downstream glomerular capillaries vulnerable to glomerular capillary hypertension. Prolonged glomerular hypertension can lead to glomerulosclerosis and chronic renal failure. Studies from both hypertensive human subjects and animal models indicate that reduced autoregulatory efficiency can precede renal structural changes, particularly in African Americans (27). This suggests that early vascular change is a key feature of renal dysfunction in hypertension (2, 27). However, the underlying mechanisms for this critical decline of function remain uncertain.
EFFICIENT RENAL AUTOREGULATORY function is critical for controlling renal perfusion and for maintaining stable glomerular capillary pressure in the face of arterial pressure (AP) fluctuations. Renal autoregulation is accomplished by precise adjustments of preglomerular resistance. A decline in afferent arteriolar autoregulatory efficiency renders downstream glomerular capillaries vulnerable to glomerular capillary hypertension. Prolonged glomerular hypertension can lead to glomerulosclerosis and chronic renal failure. Studies from both hypertensive human subjects and animal models indicate that reduced autoregulatory efficiency can precede renal structural changes, particularly in African Americans (27) . This suggests that early vascular change is a key feature of renal dysfunction in hypertension (2, 27) . However, the underlying mechanisms for this critical decline of function remain uncertain.
ATP is an endogenous ligand of P2 purinoceptors and activates members of two P2 receptor subfamilies, P2X and P2Y. Evidence indicates that ATP is released from many renal cell types and acts as an autocrine and paracrine factor in regulating vascular reactivity, autoregulation, and tubular transport (1, 14, 18) . ATP can be released from macula densa cells in response to tubuloglomerular feedback stimulation causing afferent arteriolar vasoconstriction (18) . ATP concentration in the interstitial fluid is directly correlated with pressure-mediated preglomerular microvascular resistance and the tubuloglomerular feedback activation (14, 25) . P2X 1 receptors are predominantly expressed in afferent arterioles (4, 34) where they regulate preglomerular microvascular resistance and autoregulatory behavior (14) .
Chronic ANG II infusion not only impairs renal autoregulation, but it also attenuates afferent arteriolar responses to ATP and P2X 1 receptor activation (17, 34) . Recent studies indicate that activated lymphocytes contribute to the development of hypertension and renal injury (5-7, 11, 23) . We hypothesized that activated lymphocytes contribute to hypertension-induced renal vascular injury by impairing autoregulation and P2X 1 receptor signaling in ANG II-infused hypertensive rats. We found that immunosuppression with mycophenolate mofetil (MMF), a lymphocyte proliferation inhibitor (24) , preserved normal autoregulatory behavior in ANG II-infused hypertensive rats in vitro at the single afferent arteriole level and in vivo at a whole kidney level despite persistent hypertension. At the same time, MMF also preserved P2X 1 receptormediated afferent arteriolar vasoconstriction and significantly reduced albuminuria and proteinuria.
METHODS
Animal model and monitoring. Male Sprague-Dawley rats (n ϭ 199, Charles River Laboratories, Raleigh, NC) weighing between 225 and 250 g were used for experiments. Rats were fed standard chow (Harlan Teklad, Madison, WI) and had free access to water. All animals were treated according to the National Institutes of Health Guide for the Care and Use of Laboratory Animals using procedures approved by the Institutional Animal Care and Use Committee at Georgia Health Sciences University.
Hypertension was induced using osmotic mini-pumps (Alzet, Cupertino, CA) filled with ANG II (60 ng/min sc for 13-14 days, Phoenix Pharmaceuticals, Belmont, CA) as previously described (10) . Four groups were studied: control, control ϩ MMF (CellCept, Roche Laboratories, Nutley, NJ), ANG II alone, and ANG II ϩ MMF. MMF was delivered daily (30 mg·kg body wt Ϫ1 ·day Ϫ1 ) by gavage simultaneously during ANG II infusion to inhibit lymphocyte proliferation (24) . MMF treatment began at the same time as the ANG II infusion. Systolic blood pressure was monitored weekly by tail cuff (IITC, Woodland Hills, CA). Additional rats from either ANG II-infused (n ϭ 5) or ANG II ϩ MMF (n ϭ 6) groups were implanted with telemetry transmitters (Data Sciences, St. Paul, MN) as described (3) . Limited telemetry measurements were included to confirm that MMF did not produce subtle blood pressure effects that were not detectable by tail-cuff plethysmography.
In vitro blood-perfused juxtamedullary nephron preparation. Renal autoregulatory and microvascular reactivity studies were performed using the in vitro blood-perfused juxtamedullary nephron (JMN) preparation as described previously (10) . Two identically treated rats were needed for each experiment (kidney and blood donors). Briefly, rats were anesthetized with pentobarbital sodium (50 mg/kg ip). The right kidney from the kidney donor was perfused with Tyrode's buffer containing 5.2% bovine serum albumin (Calbiochem, La Jolla, CA) and dissected for videomicrospy experiments. Blood was collected from the kidney donor and the blood donor and processed to remove neutrophils, lymphocytes, macrophages, and platelets. Plasma and washed erythrocytes were reconstituted to achieve a final hematocrit of ϳ33%. Upon completion of all dissection procedures, and with the prepared kidney on the stage of a Nikon Eclipse E600FN microscope (Nikon, Tokyo, Japan) fitted with a Nikon water-immersion objective (ϫ40), the kidney perfusate was switched to the reconstituted blood. The inner diameter of afferent arterioles was measured at a single site at 12-s intervals using a calibrated image-shearing monitor (model 908, Vista Electronics, Valencia, CA) and calculated from the average of all measurements obtained during the final 2 min of each 5-min treatment period. The following protocols were conducted:
Autoregulatory behavior of afferent arterioles. Briefly, each kidney began with a 5-min control period at a perfusion pressure of 100 mmHg. Autoregulatory responses were assessed by measuring the diameter responses when perfusion pressure was reduced to 65 mmHg (5 min) and then increased in 15-mmHg increments to 170 mmHg over 5-min intervals. At the end of the autoregulatory protocol, perfusion pressure was returned to 100 mmHg and norepinephrine (0.1 M) was applied to determine arteriolar reactivity. Four groups (n ϭ 6 -7) were studied: control, control ϩ MMF, ANG II, and ANG II ϩ MMF groups. Since MMF did not change blood pressure or afferent arteriolar autoregulatory behavior in control rats, the control ϩ MMF group was omitted from subsequent experiments.
Afferent arteriolar response to ATP and ␤,␥-methylene ATP. Since P2X1 receptors are predominantly expressed in afferent arterioles and are involved in regulating renal autoregulation (14) , we directly assessed arteriolar reactivity to endogenous P2 receptor ligand ATP and a P2X1 receptor agonist ␤,␥-methylene ATP in separate groups using the JMN preparation. Briefly, after a control period (100 mmHg), kidneys from control, ANG II, or ANG II ϩ MMF rats (n ϭ 6 -7 for each group) were superfused with increasing ATP or ␤,␥-methylene ATP concentrations from 0.01 to 100 M (5-min intervals).
Whole kidney autoregulatory behavior. To establish that the in vitro observations are consistent with in vivo conditions, experiments were performed in pentobarbital sodium-anesthetized rats in vivo to assess autoregulation of renal blood flow (RBF), as previously described (26) . Briefly, rats were anesthetized and the left femoral artery was cannulated to monitor AP. RBF was measured using an ultrasonic flow probe (Transonic Systems, Ithaca, NY) placed around the left renal artery. After a 60-min stabilization period, autoregulatory responses were determined by reducing perfusion pressure from baseline to 70 mmHg in 10-mmHg decrements by adjusting a clamp positioned around the abdominal aorta just proximal to the left renal artery. Perfusion pressure was maintained for 2 min at each step. RBF was recorded using CHART 5 (ADInstruments, Colorado Springs, CO). The protocol was repeated 30 -60 min after the ocludder was released. The pressure-RBF relationship was plotted from the average of two repetitions in each rat. Three groups (n ϭ 6 -9) were studied in control, ANG II, and ANG II ϩ MMF groups.
For assessment of autoregulatory efficiency, autoregulatory index (AI) was calculated by the change in total RBF over a defined perfusion pressure range from baseline (initial) AP to 100 and 70 -90 mmHg, respectively. The equation was follows (26) 
, where subscript 1 is the initial value before pressure changes, and subscript 2 is the value after reducing pressure. When the AI is 0, there is no change in flow in response to the change in pressure, indicating perfect autoregulation. Conversely, when the AI has unit value of 1, changes in pressure cause passive changes in flow, indicating an absence of autoregulation.
Albumin and protein excretion. Rats were individually housed in metabolic cages on days 0, 6, and 12 of ANG II infusion for a 24-h urine collection. Albumin and protein were measured by ELISA (Bethyl Laboratories, Montgomery, TX) and Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA), respectively.
Plasma TGF-␤1 concentration. Total plasma TGF-␤1 concentration was measured using a TGF␤1 E max ImmunoAssay kit (Promega, Madison, WI), as described previously (10) .
Lymphocyte and macrophage infiltration in kidneys. Kidney sections were prepared for immunohistochemical staining of CD3 and ED-1 as markers of lymphocytes and macrophages, respectively, as described previously (3). Briefly, the right renal artery was cannulated and flushed with Tyrode's buffer to remove erythrocytes, followed by perfusion with 4% paraformaldehyde solution. The kidney was isolated and cut longitudinally into three portions. The middle portion was immersed in 4% paraformaldehyde overnight. Kidney sections (4 m) were prepared and incubated with primary antibodies to CD3 (Santa Cruz Biotechnology, Santa Cruz, CA) for lymphocytes or ED-1 (CD68; Serotec, Kidlington, UK) for macrophages in humidity chambers at 4°C overnight. The slides were subsequently incubated with secondary antibodies using immunoCruz goat staining kit (Santa Cruz Biotechnology) for CD3 and peroxidase-conjugated goat antimouse IgG (Serotec) for ED-1, respectively. Positively stained cells were counted in an area of 500 ϫ 500 m of renal cortex (ϫ20 magnification) in a blinded fashion. An average of 20 fields per kidney was used to quantify total cellular infiltration.
Statistical analysis. All values are expressed as group means Ϯ SE. Within-group analysis was conducted using one-way ANOVA for repeated-measures test followed by post hoc analysis (Dunnett's multiple range test). Differences between groups, within each series, were determined by one-way ANOVA and Newman-Keuls multiple range test. P Ͻ 0.05 was considered a significant difference.
RESULTS

Effect of MMF on ANG II-induced hypertension.
Rats receiving chronic ANG II infusion developed hypertension as monitored by tail cuff (Fig. 1A) . The magnitude and progression of hypertension were similar in ANG II alone and ANG II ϩ MMF groups (184 Ϯ 5 vs. 171 Ϯ 4 mmHg, P Ͼ 0.05). This result is consistent with telemetry results except the slight lag in the development of hypertension in MMF-treated ANG II-hypertensive rats compared with ANG II infusion alone rats on day 3 (P Ͻ 0.05) as shown in Fig. 1B .
MMF preserved autoregulatory behavior of afferent arterioles. Autoregulatory behavior of afferent arterioles is shown in Fig. 2A (actual diameter) and Fig. 2B (% of control diameter) . Baseline diameters of arterioles averaged 14.0 Ϯ 0.5, 12.7 Ϯ 0.4, 15.5 Ϯ 0.7, and 14.2 Ϯ 0.5 m in control, control ϩ MMF, ANG II, and ANG II ϩ MMF rats, respectively ( Fig. 2A) . MMF did not change baseline diameter in control or ANG II-infused rats. Arterioles from control rats showed normal pressure-dependent autoregulatory behavior. As shown in Fig. 2B , arteriolar diameter increased to 113 Ϯ 3% of control when perfusion pressure decreased from 100 to 65 mmHg and declined to 72 Ϯ 3% after perfusion pressure was increased to 170 mmHg. Control rats receiving MMF exhibited a nearly identical autoregulatory profile as control rats. The ANG II alone group exhibited markedly blunted pressure-mediated autoregulatory behavior with arteriolar diameter declining to just 96 Ϯ 6% of control at 170 mmHg. Importantly, ANG II ϩ MMF rats exhibited normal autoregulatory behavior despite persistent hypertension. Arteriolar diameter increased to 112 Ϯ 2% of control at 65 mmHg and decreased to 76 Ϯ 5% of control at 170 mmHg. Pressure-mediated autoregulatory responses were preserved (P Ͻ 0.05 vs. ANG II alone rats) and indistinguishable from control rats (P Ͼ 0.05). Meanwhile, norepinephrine-mediated vasoconstriction was similar across all four groups. Arteriolar diameters decreased to 82 Ϯ 3, 79 Ϯ 3, 88 Ϯ 4, and 80 Ϯ 3% of control in response to 0.1 M norepinephrine in control, control ϩ MMF, ANG II, and ANG II ϩ MMF rats, respectively (P Ͼ 0.05 vs. control rats).
MMF preserved afferent arteriolar reactivity to ATP. The afferent arteriolar response to ATP is illustrated in Fig. 3 . Baseline diameters (Fig. 3A) were similar in all three (15.2 Ϯ 0.5, 15.3 Ϯ 0.2, and 15.4 Ϯ 0.7 m in control, ANG II, and ANG II ϩ MMF, respectively). Superfusion of ATP caused concentration-dependent vasoconstriction in control rats with diameter decreasing to 74 Ϯ 1% of the control diameter from 15.2 Ϯ 0.5 to 11.3 Ϯ 0.4 m after exposure to 100 M ATP. In contrast, ATP-mediated vasoconstriction was significantly blunted in rats receiving ANG II alone. Afferent arteriolar diameter declined to a maximum of just 91 Ϯ 1% of control at concentrations of 1.0 or 10 M ATP (Fig. 3B) . Interestingly, ANG II ϩ MMF rats exhibited normal ATP-mediated vasoconstriction yielding a vasoconstrictor profile that was similar to the response in control rats (P Ͼ 0.05) but significantly different from ANG II-infused rats (P Ͻ 0.05).
MMF preserved afferent arteriolar reactivity to ␤,␥-methylene ATP. The afferent arteriolar response to the P2X 1 receptor agonist ␤,␥-methylene ATP is depicted in Fig. 4 . Baseline diameters ( 4B), whereas ␤,␥-methylene ATP-mediated vasoconstriction was preserved in ANG II ϩ MMF rats.
MMF preserved autoregulation of RBF. We also assessed RBF autoregulation in anesthetized rats in vivo. Figure 5 presents actual (Fig. 5A) and normalized (Fig. 5B ) RBF as a function of mean AP (MAP). Baseline MAP averaged 119 Ϯ 1, 153 Ϯ 3, and 152 Ϯ 4 mmHg and RBF (Fig. 5A ) averaged 8.7 Ϯ 0.7, 7.7 Ϯ 0.4, and 9.9 Ϯ 0.6 ml·min Ϫ1 ·g kidney wt Ϫ1 in control (n ϭ 6), ANG II alone (n ϭ 9), and ANG II ϩ MMF (n ϭ 9) rats, respectively. In control rats, RBF remained constant during stepwise reductions of MAP from 119 to 100 mmHg (Fig. 5) , indicating intact RBF autoregulation. In contrast, RBF progressively decreased in ANG II alone rats. RBF declined to 80 Ϯ 3% of the initial RBF after reducing MAP from the baseline MAP to 100 mmHg (Fig. 5B) . AI (Fig. 5C ) averaged 0.67 Ϯ 0.09 in ANG II rats (P Ͻ 0.05 vs. Ϫ0.05 Ϯ 0.12 in control rats), indicating impaired autoregulation in ANG II-infused hypertensive rats. Importantly, ANG II ϩ MMF rats exhibited normal autoregulatory behavior. Stepwise decreases in MAP from the baseline to 100 mmHg declined RBF to just 95 Ϯ 2% of the initial RBF (Fig. 5B ) yielding an AI of 0.13 Ϯ 0.07 (Fig. 5C ), which is similar to control rats and significantly more efficient than rats receiving ANG II alone (P Ͻ 0.05).
MMF reduced urinary excretion of albumin and protein. Urinary albumin and protein excretion were depicted in Fig. 6 , A and B, respectively. As shown in Fig. 6A , baseline urinary albumin excretion was similar among groups. ANG II infusion markedly increased albuminuria by day 6 (5.0 Ϯ 1.6 mg/day) and continued to increase to 11.8 Ϯ 3.3 mg/day by day 12 (P Ͻ 0.05 vs. control rats). In contrast, MMF treatment markedly reduced albuminuria by 3.8-fold (1.3 Ϯ 0.4 mg/day) on day 6 and 3-fold (4.0 Ϯ 1.8 mg/day) on day 12 (P Ͻ 0.05 vs. ANG II). ANG II infusion alone also increased urinary protein excretion on day 12 (Fig. 6B, 30 .2 Ϯ 4.3 vs. 17.6 Ϯ 1.8 mg/day in control rats, P Ͻ 0.05), but not when simultaneously treated with MMF (17.3 Ϯ 2.1 mg/day, P Ͻ 0.05 vs. ANG II alone).
MMF prevented elevation of plasma TGF-␤1 concentration. Plasma TGF-␤1 concentration (Fig. 7A) increased significantly in ANG II-infused rats (60 Ϯ 3 vs. 41 Ϯ 2 ng/ml in controls, P Ͻ 0.05), but was normalized by MMF treatment (38 Ϯ 7 ng/ml, P Ͻ 0.05 vs. ANG II).
MMF reduced lymphocyte and macrophage infiltration. The numbers of CD3-or ED-1-positive cells in renal cortical tissue sections were counted and the data are presented in Fig. 7B . The number of CD3-positive cells increased significantly in ANG II rats (P Ͻ 0.05 vs. control), but not in ANG II ϩ MMF rats (P Ͻ 0.05 vs. ANG II), indicating an increased lymphocyte infiltration in ANG II alone rats. Macrophage infiltration also tended to increase in ANG II rats but did not reach significance compared with control rats. However, MMF treatment significantly reduced the number of macrophages in ANG II rats (P Ͻ 0.05 vs. ANG II alone rats). Figure 7 , C and D, represents 
DISCUSSION
The current study demonstrates that treatment with the immunosuppressor MMF, a potent inhibitor of lymphocyte proliferation, preserves autoregulatory behavior in ANG II-infused hypertensive rats in vitro at the single afferent arteriole level and in vivo at the whole kidney level. MMF treatment also retains afferent arteriolar responsiveness to P2X 1 receptor stimulation, despite the fact the degree of high blood pressure was comparable between ANG II and ANG II ϩ MMF groups. Furthermore, MMF treatment protects glomeruli against hypertension-associated injury as indicated by significant decreases in albuminuria and proteinuria. We conclude that reduced glomerular injury reflects improved autoregulatory function, inhibition of lymphocyte, and macrophage infiltration in the kidney and/or by preventing elevation of plasma TGF-␤1 concentration.
Growing evidence implicates inflammation, especially lymphocytes, in the progression of hypertensive cardiovascular and renal disease (13, 30) . In the present study, we applied MMF, an inhibitor of lymphocyte proliferation, in chronic ANG II-infused hypertensive rats and directly assessed renal autoregulatory behavior at the afferent arteriole and at the whole kidney levels. Consistent with previous in vitro studies (10, 17, 34) , afferent arteriolar autoregulatory behavior is attenuated in ANG II-hypertensive rats. Importantly, treatment with MMF preserved normal afferent arteriolar autoregulatory behavior such that it was indistinguishable from control arterioles despite having a similar degree of hypertension development and severity as ANG II alone rats.
We also assessed whole kidney autoregulation in vivo. Consistent with in vitro findings, ANG II-hypertensive rats exhibited a passive pressure/flow relationship indicating impaired autoregulation. In contrast, in rats receiving ANG II infusion ϩ MMF treatment, RBF remained essentially constant when renal perfusion pressure was manipulated within the autoregulatory range. As indicated by the AI, autoregulatory efficiency was essentially normal in ANG II ϩ MMF rats, whereas it was significantly impaired in ANG II alone rats. Interestingly, RBF at baseline AP tended to be higher in MMF-treated ANG II rats compared with ANG II alone rats despite similar blood pressures. Although in the current study we did not assess endothelial function of afferent arterioles, it is well-established that chronic ANG II infusion leads to endothelial dysfunction, enhanced renal superoxide production, and increased renal vascular resistance (19, 33) . Furthermore, Krotz et al. (20) reported that mycophenolic acid, the active form of MMF, reduces superoxide generation by inhibiting endothelial Nox2 activity. Therefore, it is possible that increased RBF in ANG II ϩ MMF rats may reflect a beneficial effect of MMF by reducing superoxide production and/or preventing a lymphocytemediated inflammatory cascade on renal microvessels. Overall, these data support the idea that inflammatory processes contribute to hypertensive renal injury by impairing renal microvascular function and autoregulation.
ATP is the endogenous ligand for P2 receptor activation and is a postulated mediator of afferent arteriolar autoregulatory signaling (14, 18) . P2X 1 receptors are mainly present in preglomerular vessels (4, 34) and are involved in pressure-mediated vasoconstriction of afferent arterioles (14, 18) . ␤,␥-Methylene ATP is a selective agonist for P2X 1 and P2X 3 receptors. Since P2X 3 receptors are barely detected in preglomerular microvessels (12, 21) , the effect of ␤,␥-methylene ATP in afferent arterioles is mostly attributed to activation of P2X 1 receptors. In the current study, chronic ANG II infusion markedly blunted afferent arteriolar responses to ATP or ␤,␥-methylene ATP while the vasoconstriction to norepinephrine was similar to control rats. This indicates that the contractile apparatus of afferent arterioles is intact in ANG II-infused hypertensive rats, but the response to P2X 1 receptor activation is impaired. Interestingly, MMF treatment preserved afferent arteriolar vasoconstriction to both ATP and ␤,␥-methylene ATP. These data provide compelling evidence that inflammatory factors contribute to renal microvascular dysfunction by reducing P2X 1 receptor reactivity, thereby leading to autoregulatory impairment. The mechanisms responsible for autoregulatory impairment in ANG II-infused hypertensive rats remain unclear. Impaired autoregulatory behavior and reduced microvascular reactivity to P2X 1 receptor activation are consistently observed in ANG II-hypertensive rats (10, 34) . Normalization of autoregulation and P2X 1 reactivity by MMF implicate lymphocyte-dependent inflammatory mechanisms in compromising afferent arteriolar reactivity to autoregulation and P2X 1 receptor activation. Since total P2X 1 receptor protein expression is unchanged in preglomerular vessels from ANG II-infused hypertensive rats fed either normal or 8% salt diets (15, 34) , the reduction in P2X 1 receptor reactivity in ANG II hypertension cannot be explained by reduced P2X 1 receptor protein expression. Importantly, ATP and P2X 1 receptor-stimulated intracellular Ca 2ϩ signaling is significantly attenuated in preglomerular smooth muscle cells of ANG II-infused hypertensive rats (15, 34) , suggesting that trafficking of P2X 1 receptors to the sarcolemma or alterations in P2X 1 receptor signaling pathways may be compromised in ANG II-hypertensive rats. Attenuated P2X 1 -mediated signaling could arise from chronic increases in renal interstitial ATP concentration in ANG II-infused rats leading to receptor desensitization (8, 9) , which may in turn blunt the downstream signaling and reduce autoregulatory efficiency.
Inflammatory factors are linked to development of hypertension and hypertension-associated renal injury (3, 6, 13, 30) . ANG II is well-known as a proinflammatory stimulator. Previous work showed that the broad-spectrum, anti-inflammatory agent pentosan polysulfate (PPS) normalized P2X 1 receptor reactivity and autoregulation in ANG II-induced hypertensive rats (10) . Those data revealed a strong association between increased inflammatory status in ANG II-induced hypertension and renal microvascular dysfunction but they did not allow for identification of the cause of the inflammatory signal. To advance the inflammation hypothesis, in this project we focused on the role of lymphocyte activation and infiltration in kidneys by application of MMF, which is rapidly converted to its active form, mycophenolic acid in vivo. Mycophenolic acid is a potent inhibitor of inosine monophosphate dehydrogenase, a key enzyme for lymphocyte proliferation (24) . Notably, suppression of lymphocyte activation and proliferation with MMF significantly reduced lymphocyte infiltration in cortical tissue and preserved both pressure-and P2X 1 receptor-mediated vasoconstriction in ANG II-hypertensive rats. The progression and magnitude of hypertension induced by ANG II infusion, however, were not significantly altered by MMF, consistent with observations in the 5/6 nephrectomy, L-NAMEand ANG II-induced hypertensive models in rats or mice (5, 7, 22, 28) but different from what has been reported for the DOCA-salt and Dahl salt-sensitive hypertensive models (3, 6) . Overall, the current results suggest that activated lymphocytes are associated with renal microvascular dysfunction in ANG II-hypertensive rats.
Furthermore, MMF also prevented elevation of plasma TGF-␤1 concentration while preserving P2X 1 receptor reactivity and autoregulatory behavior. Thus, our studies demonstrate a close association between elevated TGF-␤1 and impaired renal autoregulation. Recent clinical studies indicate that plasma TGF-␤1 levels are significantly higher in normotensive or mildly hypertensive African Americans compared with Caucasians (32) . Hypertensive African Americans also exhibit less efficient autoregulation and increased prevalence toward renal disease compared with hypertensive Caucasians (27) . Elevated plasma TGF-␤1 in African Americans may predispose this population to renal disease by impairing renal autoregulation. The source of increased TGF-␤ is not clear. Roson and colleagues (29) showed that acute ANG II infusion for 2 h increased intrarenal expression of TGF-␤1. Crowley et al. (5) reported that renal TGF-␤ mRNA expression increased significantly in ANG II-infused mice, but this was markedly attenuated by MMF treatment. Finally, acute exposure to TGF-␤1 but not platelet-derived growth factor and hepatocyte growth factor attenuates afferent arteriolar autoregulatory behavior in normal rats (31) . Collectively, these studies suggest that inflammatory conditions possibly involving TGF-␤1 may contribute to autoregulatory impairment in hypertension.
Increased albuminuria and proteinuria are considered risk factors for cardiovascular and renal disease. In contrast to our previous study (10) where PPS failed to prevent albuminuria in ANG II-infused rats, MMF treatment significantly reduced urinary albumin and protein excretion. These different outcomes suggest that PPS, a semisynthetic glycosaminoglycan, might prevent renal vascular dysfunction through direct effects on vascular function per se, whereas MMF directly inhibits lymphocytes and macrophage infiltration and prevents inflammatory cascades from occurring in hypertensive kidneys, thereby preventing functional impairment and injury. In addition, there appeared to be a brief lag in hypertension initiation in ANG II-infused rats receiving MMF treatment, which could potentially contribute to the reduction of albumin excretion in that group.
As we found in our previous study (10) , in this hypertensive rat model where ANG II was infused at a low dose with normal-salt diet, we did not find any significant histological changes in renal structure using conventional morphological assessment by light microscopy. However, rats receiving chronic ANG II infusion exhibited marked impairment of renal autoregulation even as early as day 6 after ANG II infusion (16, 34) , highlighting the fact that functional abnormalities can be detected before structural abnormalities in the ANG IIinfused hypertensive model. Reduced autoregulatory efficiency can accelerate glomerular injury in hypertensive subjects. The current study extends our previous work by demonstrating in vitro and in vivo that selective inhibition of lymphocyte proliferation with MMF ameliorates hypertension-associated renal microvascular dysfunction in ANG II-infused hypertensive rats by normalizing renal autoregulatory behavior and P2X 1 receptor-mediated microvascular reactivity and suppressing TGF-␤1 accumulation. These results suggest that inflammatory factors linked to lymphocyte activation may promote progressive renal injury in hypertensive populations by impairing renal microvascular function and autoregulatory efficacy. Minimizing renal inflammatory processes may provide a therapeutic intervention that will preserve renal hemodynamics and thereby prevent progressive glomerular injury in hypertensive populations.
